This paper presents an assessment methodology of transmission expansion plans based on the weighted transmission loading relief (WTLR) nodal indexes. These indexes allow to measure the security of a power system in normal state and under contingencies. Though the WTLR indexes it is possible to identify critical elements of the network and buses where it is recommendable to have more generation. Four expansion proposals for the Colombian power system, reported in the technical literature are compared. The strengths and weaknesses of expansion plans are identified based on their corresponding WTLR indexes.
Introduction
Transmission network expansion planning (TNEP) consists on determining the reinforcements required in a network to satisfy a future demand, minimizing costs. Determining the set of new lines and transformers to be installed in a network is a challenging task, since several constraints, that includes power balance, power flow limits and security must be taken into account [1] . In the scientific literature there is a wide variety of techniques for the solution of the TNEP problem. These solution methods can be broadly classified into two main groups: classical mathematical programming and metaheuristic techniques.
Using a DC representation of the network, it is possible to represent the TNEP problem by means of a Mixed Integer Linear Programming model that can be solved by classical mathematical programming such as Branch and Bound [2] or Benders decomposition [3] . On the other hand, the TNEP problem can be approached through metaheuristic techniques and hybrid versions of these. In [4] a genetic algorithm is presented considering the repowering of circuits and the location of capacitors. In [5] the authors present a metaheuristic based on Tabu search, while in [6] the TNEP problem is addressed by particle swarm optimization. Also, in [7] the TNEP is addressed through a harmonic search algorithm. The technical literature regarding the transmission network expansion planning is quite extensive. A detailed description of models and methods is out of scope of the present paper. In [8] and [9] the interested reader can find bibliographic reviews that detail and compare different models and techniques for solving the TNEP problem. One of the recurrent considerations in the TNEP is the inclusion of security criteria. The inclusion of security constraints implies more expensive, but safer, expansion plans. In [10] and [11] the authors propose models that aim at solving the TNEP problem considering the N-1 security criterion. This means that the proposed reinforcements of the network would make it able to operate within limits even if one of its elements is out of service. The weighted transmission loading relief (WTLR) nodal indexes can be used to verify if the installation of new circuits in a network (lines and transformers) improves the security of the system. The WTLR nodal indexes were initially proposed in [12] with the purpose of determining the locational value of new generation in enhancing system security. These indexes indicate the approximate change in the total overload of a system (in normal conditions and under contingency) that would be obtained with an additional injection of 1 MW in a particular bus. The WTLR nodal indexes can take positive or negative values. If the magnitude of these indices tends to zero, it means that there are no overloads in normal operation or under contingencies. In this paper several expansion plans proposed for the Colombian power system are evaluated though the WTLR indexes. It was possible to identify the safest transmission expansion plans according to the described indices. This information is of paramount importance to the system planner, since it provides guidelines on new investments.
Methodology
The WTLR indexes quantify the level of overloads for normal conditions and under contingencies. The magnitudes of the indexes are proportional to the overloads. The mathematical expression to compute the WTLR indexes is given by (1).
) (1) Where is the number of violations or overloads in the base case and under contingencies.
is the total overload of the system in MW; indicates the overload in the j th line for the base case; ISF is the matrix of Injection Shift Factors;
, is the overload of line j for contingency k and , , indicates the variation of injected power in bus i, with respect to power flow j for contingency k. This last expression is given by (2) where LODF is the vector of load outage distribution factors.
WTLR indexes represent the locational impact of generation on network security. Nevertheless, they can also be used to assess the impacts of new circuits (lines and transformers) in a given transmission system. The WTLR of a bus corresponds to the total expected MW contingency overload reduction, in all branches and under all contingencies, if 1 MW is injected at such bus. If a WTLR is negative it means that the injection of additional generation in such bus leads to an increase in contingency overloads in the base case and under contingencies. If WTLR are zero in all buses it indicates that no overloads are presented in the base case and under any of the contingencies. Therefore, a way of determining the quality of an expansion plan can be performed in terms of the reduction of the WTLR indexes. These can be compared for the base power system and the candidate solutions of the TNEP.
Tests and Results
A 93-bus representative prototype of the Colombian power system was used to assess different TNEP proposals. This system is illustrated in Figure 1 and its parameters can be consulted in [13] . Different proposals of expansion have been made on this system applying methodologies such as genetic algorithms [13] , mixed integer linear programming [10] , particle swarm optimization [14] and methods based on local search [11] . In this case the objective is to evaluate the proposed expansion plans by means of the WTLR indices described in the previous section. Table 4 presents a summary of the characteristics of the proposed expansion methods and the solution techniques implemented. Table 5 shows the detail of the proposed expansion plans according to the number of lines per corridor found by different authors. Characteristics of the TNEP model Solution technique [13] Uncertainty in generation and demand. Future network free of congestion.
Chu-Beasley genetic algorithm [10] Considers uncertainty and N-1 criterion for a sample of scenarios.
Mixed Integer Linear Programming
[14] Static planning problem, security criteria is not taken into account.
Particle swarm optimization.
[11]
Considers N-1 criterion without generation redispatch.
GRASP, Tabu Search, Iterated local search. 1  52  88  2  1  0  0  0  1  54  56  3  1  0  0  0  1  55  57  1  1  1  1  0  3  55  62  1  1  1  1  1  4  55  84  1  1  1  1  1  4  56  57  2  1  0  1  1  3  57  81  1  0  1  0  0  1  57  84  1  0  0  0  1  1  62  73  1  1  1  1  1  4  68  86  1  1  1  1  1  4  72  73  2  1  0  1  1  3  82  85  1  1  1  1  1  4 Figure 2 shows the results of the nodal indices for the expansion plans presented in Table 2 . Initially the WTLR indices were calculated for the base case, without considering any expansion program. It was observed that most of the indices are negative. This means that in the future it is necessary to add lines in the system to reduce overloads in the network due to the growth in demand. In the reference bus the value of the WTLR index is zero. Note that there is a positive peak of the index in bus 54. This value suggests that in this bar more generation should be installed to avoid overloads.
Once the different proposals of expansion plans were evaluated; it was verified that all of them significantly improve the value of the WTLR indices with respect to the base case. This improvement is more significant in the first and last buses (from 1 to 20 and from 63 to 93). The values of the indices are similar for almost all expansion plans, with the exception of the one proposed in [11] , in which the indices do not improve significantly, particularly after bus 36. Figure 3 shows a zoom of the first 36 buses. It can be seen that for these bars the results with all the methodologies are very similar. In general, the WTLR indexes are close to zero, being slightly better those found from the proposed plan in [13] . 
Conclusions
This paper presented a methodology for the assessment of transmission network expansion plans based on the WTLR nodal indexes. These indexes are used as a measure of the security level of a power system. Based on the expansion plans and their associated indexes, it was possible to identify the critical buses on a prototype of the Colombian power system. In the comparison of different expansion plans, it was verified that all of them increase the security of the system with respect to the base case. This is represented by the displacement of the WTLR nodal indexes towards zero. The importance of the implementation of the proposed methodology lies in providing relevant information to the transmission network planner, which can establish guidelines on new investments in the system to improve security of supply.
